INTRODUCTION
Foamed rubber profi les have been widely used in many sectors for years. The cellular structure is particularly advantageous in the construction and automotive industries: the foaming process reduces weight as well as saving on materials, so the use of foamed rubbers can lower costs substantially. In many applications, however, the technological advantages are the deciding factor in the use of cellular elastomer products. Physical and mechanical properties (such as insulating effect and compressibility) can be selectively infl uenced by establishing a defi ned cell structure in the component. For that reason foamed rubber products are primarily used as absorbing or sealing elements. By matching the cell structure to the specifi cation, optimum functionality combined with lower material usage and weight can be achieved.
The use of chemical blowing agents is state of the art in the production of foamed rubber profi les. These materials are added to the rubber mix in the internal mixer. The foam rubber mixes are extruded in standard rubber extruders to form an initially compact profi le. It is only in the vulcanising unit that the blowing agents start to break down into gaseous substances on reaching a certain temperature threshold, causing the profi le to foam. So the profi les are blown and vulcanised simultaneously (Figure 1 ).
For some time now, researchers from the Institute for Plastics Processing (IKV) at the University of Aachen have been investigating the suitability of inert gases as physical blowing agents for the foaming of conventional rubber mixes. In physical foaming processes, the blowing agent is injected into the barrel during the extrusion process and dissolves under supercritical conditions in the extruder when the pressure in the rubber reaches a corresponding level. The pressure drop at the die exit leads to a thermodynamic imbalance, causing the profi le to foam. The foamed profi le is then transferred to the vulcanising unit, so in this case cell formation and vulcanisation take place in two separate phases (Figure 1) Physical blowing agents offer a number of advantages over their chemical counterparts [1, 2] : inert gases such as nitrogen are environment-friendly, non-toxic, inexpensive, odourless and tasteless. In addition, the processing changes arising from the direct injection of the blowing agent into the rubber mix give rise to a further advantage: adding the physical blowing agent during the extrusion process means that the foaming process can be infl uenced at a later stage of the production process. Theoretically, batch variations can be balanced out as the mix is being processed, reducing the scrap rate. The direct injection of inert gases into rubber mixes during the extrusion process can therefore help to improve effi ciency in the production of cellular elastomer profi les.
PLANT TECHNOLOGY AND METHODOLOGY

Laboratory Extrusion Plant
In 2004, a laboratory-scale rubber extrusion plant was built at the IKV in Aachen, principally comprising a singlescrew extruder (screw diameter 19 mm). The plant has a low material consumption rate and is highly fl exible, making it possible to develop new or adapt existing processes and to work with expensive materials with minimal cost and effort.
When it came to developing an extrusion process for the physical foaming of rubber mixes, the researchers turned to conventional plant technology in order to simplify technology transfer at a pilot-plant scale and to minimise associated costs. The plant design is illustrated in Figure 2 . Nitrogen (N 2 ) is injected directly into the extruder barrel after the feed section, using a plate nozzle. After the injection point there are four pin levels, whose dispersive mixing action shortens the diffusion distances and homogenises the nitrogen/rubber mix. Two extensions can be used to adjust the extruder length from 20 to 30 D, allowing experiments to be conducted with differing residence times. The experiments described in this paper were performed with the maximum extruder length to allow the longest possible residence time for the diffusion processes taking place in the rubber/nitrogen mix. The die has a circular profi le with a diameter of 3 mm. The die temperature is a useful parameter for adjusting the surface quality. Experiments into the infl uence of the die temperature have been described in detail elsewhere [3] . After leaving the die, the foamed rubber profi les are vulcanised in a salt-bath vulcanisation stage (KNO 3 /LiNO 3 blend).
Screw Design
The screw design depends on the functions of the extruder (Figure 3) . To reduce throughput and pressure surges, the screw is double-fl ighted. In the feed section the screw has a root diameter of 11.4 mm and the screw fl ights overlap in the transport direction. The resulting edges tear up the strips being fed into the extruder, leading to good feed performance. The feed section is followed by a section with a constantly increasing root diameter (maximum root diameter 15.8 mm). The blowing gas is injected after this compression zone. The reduction of the root diameter to its original value is designed to prevent the injected nitrogen from escaping through the feed opening.
After the gas injection, the rubber/gas mix is homogenised in the pin section. There are gaps in the screw fl ights corresponding to the position of the pins. A further compression zone at the end of the screw causes the pressure to build up ahead of the die.
Gas Metering Unit
A thermal gas metering unit has been installed for reproducible nitrogen injection. Unlike volumetric measurement techniques, thermal systems use the specifi c heat capacity of the fl uid to measure the fl ow rate and are largely immune to temperature and pressure variations. This type of measurement and control system is an inexpensive option for the metering unit.
The gas is injected via a self-closing plate nozzle. These nozzles are conventionally used in extrusion technology for adding liquid components and they can be mounted in a standard pressure sensor fi tting on the barrel.
Material
The experiments described in this paper were conducted using carbon black-fi lled, sulfur-vulcanised EPDM blends supplied by Hutchinson GmbH in Aachen. An additional 8 phr of the processing aid Vestenamer, which has positive effects on feed performance and processing stability, was added to these blends. Typical properties of the blend that was used can be found in Table 1 . 
RESULTS
In an extensive series of processing experiments, the main parameters infl uencing surface quality, foam structure and density reduction were analysed. The foam structure was characterised using IKV's own software program Ozella, which has been developed for the optical analysis of cell size distribution and cell density.
Infl uence of the Injected Gas Quantity
Not surprisingly, the nitrogen fl ow rate has a critical infl uence on the density reduction achieved. Figure 4 shows the density reduction and the cross-section of various profi les extruded with a gradual increase in the nitrogen content from 0.6 to 1.6 wt.%. The fi gure clearly shows that a small proportion of gas causes a foam structure to be formed in the profi le and that the density reduction increases as the gas content rises. A density reduction of almost 40% can be achieved in this way, and the injected gas quantity is an important parameter for establishing the desired density reduction. Nevertheless, these experiments showed that there are limits to the extent to which the injected gas quantities and hence the achievable density reduction can be increased. In the experiments described here, a nitrogen content of 1.2 wt.% or more caused the cell structure to break down and the density reduction to drop to around 10%. Sorption measurements in a high-pressure sorption balance at the IKV showed that the gas absorption capacity of the rubber is highly dependent on the mix formulation and also on the prevailing pressure. Since the achievable process pressures cannot be increased without limit with the existing plant design, the injected nitrogen ceases to be absorbed by the mix above a certain quantity, as a result of which the profi les cannot be foamed.
Infl uence of Injection Pressure and Speed
In addition to the infl uence of the injected gas quantity, the effect of the injection pressure and extruder speed on the cell structure with the maximum gas quantity was investigated. Rather than injecting a defi ned quantity of blowing agent, the maximum possible nitrogen quantity was injected according to the injection pressure setting and entrained by the rubber mix. Figure 5 shows the density reduction as a function of the nitrogen injection pressure and the screw speed. It is clear that a reduction in the injection pressure leads to a reduction in the profi le density, so that larger amounts of nitrogen can be incorporated. A signifi cant trend in the infl uence of the speed cannot be discerned, however. In addition, the low pressures in the injection zone could not be achieved at higher speeds. The infl uence of the pressure may be attributable to the fact that at high pressures the injected gas forms relatively stable gas bubbles in the injection zone, so that incorporation of the gas already injected becomes more diffi cult when the plate nozzle is opened. We must emphasize, however, that this is only a matter of conjecture at present, which will have to be confi rmed or rejected by further investigations. To date, however, no methods are available for analysing the mixing processes in the injection zone.
The cell structures of the profi les extruded at various speeds and injection pressures were subjected to optical analysis using the Ozella software (Figure 6) . In addition to a qualitative analysis of the profi le cross-sections, a quantitative analysis of the cell sizes and densities obtained was also undertaken (Figure 7) . A comparison of the profi le cross-sections illustrated in Figure 6 shows that both parameters have a substantial infl uence on the resulting cell structure. At a constant injection pressure, increasing the speed from 75 to 150 rpm leads to the formation of a foam structure with much fi ner cells. This can be attributed to an improved mixing action, especially in the pin zone of the extruder, and hence to a more homogeneous distribution of the nitrogen in the rubber matrix.
In contrast to the visual impression, no signifi cant infl uence of the speed can be detected in the changes in cell size and cell density (Figure 7) . It is striking that the illustrated profi le cross-sections exhibit a signifi cant lack of homogeneity in the cell structure. For instance, the cell structures at the margins of the round-section profi les are much fi ner than those in the core of the profi les. Since nitrogen can escape from the surface in the marginal zone, there is less nitrogen available here for foaming. Detailed analysis of the cell sizes measured with Ozella shows that in the case of the profi le extruded at a speed of 150 rpm, the largest detected cell sizes are only half as large as in the case of the material processed at a speed of 50 rpm, whereas the smallest detected cells are roughly equal in size. This is attributed to the fact that the fi lter sizes chosen for the optical analysis have to be adjusted according to the cell size. In the case of non-homogeneous foam structures, marginal areas of the cell size distribution cannot be entirely broken down, leading to a shift in the mean cell diameter. A more accurate optical analysis of the cell structures would therefore require individual areas of the cross-sections to be selected. Such an approach was not adopted in this case, however, since it would not take account of the inhomogeneity occurring in the foam.
A clear trend can also be identifi ed when the pressure is varied at a constant speed. As the injection pressure is gradually raised from 20 to 60 bar, the cell structure of the rubber becomes increasingly fi ne and the mean cell radius falls from around 0.35 to 0.15 mm, while the cell density increases from 80 to 250 mm -3 (Figure 7 ). This means that at elevated injection pressures the cells become not only smaller but more numerous, thereby ruling out the possibility that the more pronounced fi necelled structure is attributable purely to a smaller injected gas quantity. The large cell diameters with a minimal injection pressure of 20 bar are also striking. In this case the nitrogen is in gaseous form at the time of injection, whereas above a pressure of around 33 bar it is in the supercritical range. It is known that in the supercritical range, inert gases such as CO 2 and N 2 have low surface tensions and good diffusion characteristics [4, 5, 6] . It is assumed for that reason that the improved dissolution characteristics of nitrogen at elevated injection pressures are responsible for the markedly fi ner cell structure.
CONCLUSIONS
The investigations by the IKV into the physical foaming of conventional, sulfur-vulcanised EPDM soft rubber mixes have shown that cellular rubber profi les can be produced in a single-stage extrusion process using nitrogen as the blowing agent. For the purposes of these investigations, a laboratory-scale extrusion plant has been constructed at the IKV, based on conventional plant technology, which allows the continuous injection of gas into rubber profi les. This will make it easier to transfer the process technology to larger extrusion plants in future and will reduce the scale-up costs for new plant components to a necessary minimum.
Processing experiments conducted to date at the IKV have shown that the cell structure can be infl uenced by varying the speed and the nitrogen injection pressure. Increasing the injection pressure and speed leads to foam structures with smaller cell diameters, whereas very low injection pressures in particular result in a very coarse-celled rubber foam. The infl uence of the injection pressure can be attributed to the change in the dissolution characteristics of supercritical nitrogen.
A density reduction of around 40% is achievable, and sorption measurements have demonstrated that the formulation has an enormous infl uence on the soluble nitrogen quantities. There is therefore tremendous potential for optimisation in the area of formulation development, which will be explored in ongoing and future investigations at the IKV.
The results also showed that the maximum quantity of gas that can be injected is limited at present by the achievable process pressures, which in turn limits the maximum possible density reduction. This problem too will be a focus of future research into the physical foaming of rubber mixes at the IKV. In this regard, a pressure booster unit will be added to the plant in future, allowing pressures of up to 300 bar to be obtained. The high process pressures will improve the nitrogen solubility, leading to lower density profi les, while at the same time the introduction of a defi ned, large pressure drop at the die exit should result in a defi ned and extremely fi ne-celled foam structure.
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